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Abstract 


Cascade reactions have resulted in rapid access to many different novel structures with unique 
photophysical properties. One such fraction from the reaction between 5,5’-dibromoindigo and 
(S)-epichlorohydrin afforded the base spirocycle product (75,9aR)-7,8-dihydro-6H-7,9a- 
epoxy[1,5]Joxazocino[5,4-a:3,2-b']diindol-15(14H)-one in up to 30% yield as bright orange 
rod-like crystals as well as five unknown fractions. Furthermore this reaction may be 
modulated electronically and sterically depending on which derivative of indigo is used as the 
starting material. In this thesis 5,5’-dibromoindigo 5,5'-methoxyindigo 6,6’-dibromoindigo and 
6,6'-dimethoxyindigo were synthesised by reacting with 5-bromonitrobenzaldehyde, 5- 
methoxynitrobenzaldehyde, 4-bromonitrobenzaldehyde and 4-methoxynitrobenzaldehyde, 
respectively, with sodium hydroxide and acetone. Reacting each of the aforementioned 
derivatives of indigo with (S)-epichlorohydrin resulted in the synthesis of the base spirocycle 
product from each reaction, subsequently isolated and purified using silica gel column 
chromatography, high performance liquid chromatography and preparative silica gel thin-layer 


chromatography 


vi 


Chapter 1 


Introduction 


Indigo 1 ({2,2'-biindolinylidene]-3,3'-dione) is a plant-derived blue dye that has been used for 


millennia by numerous cultures such as the ancient inhabitants of South America, the Mayans, 


the Aztecs, the Chinese and the Egyptians to name a few.”* Its structure consists of a 2,2'- 


biindoline core joined by a trans alkene bridge, adjacent to secondary anilino groups at 


positions | and 1’ with carbonyl groups at positions 3 and 3’ (Fig 1). 


Figure 1: The chemical 
structure of indigo 1. 
Atoms in purple represent 


the chromophore. 
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Figure 2: Intermolecular bonds between indigo 


The colour-producing moiety of indigo 1 is represented by 
atoms coloured purple (Fig 1).”° It is one of the most stable 
known organic dyes* and the trans structure is observed in 
nature due to the stabilising intra- and inter- molecular hydrogen 
bonding that occurs between the adjacent carbonyl and anilino 
groups (Fig 2), which also contribute to the poor water 
solubility, high stability and characteristic blue colour of 
crystalline indigo 1. Such interactions, in collaboration with z- 
stacking and Van der Waal interactions, as well as 
intramolecular resonance, result in extensive networks of tightly 
packed clusters.* Consequently indigo 1 is partially soluble in 
DMSO, DMF, nitrobenzene and concentrated sulfuric acid.+ The 


indigo 1 molecule is symmetrical and belongs to the C2n point 


Theoretical studies have shown that 


hydrogen bonding increases the anti- 


b Dr ; ! a . . 
SI Stat ee aromatic character of indigo 1 such that 


4 : | the lowest unoccupied molecular orbital 
Soyo) (LUMO) and therefore absorption energy 
is lower, in agreement with Baird 


aromaticity.>° 


molecules, showing hydrogen bonding (left) and 
m -stacking (right) interactions. 


Indigo 1 and its derivatives are low HOMO-LUMO gap donor-acceptor molecules (Fig 3).’ 
The transition from the highest occupied molecular orbital (HOMO) to the LUMO is associated 


with excitation and the formation of a charge-transfer diradical state (Appendix 1 and 2).*” 


Indigo 1 is a structurally unique dye in that it 
absorbs at long wavelengths for such a small 


10 In accordance with Planck’s 


molecule. 
equation, the wavelength of maximum 
absorbance of a molecule increases as the 
difference in energy between the ground state 
(So) and the first excited state (S1) decreases; 
the wavelength at which indigo absorbs is 
inversely proportional to the energy gap 


between So and S).!! The blue colour of indigo 


arises from the strong So — Si transition 


Figure 3: Illustration of the highest occupied centered around 600 nm. In general indigo 1 
molecular orbital (HOMO) (top) and the absorbs at relatively long wavelengths in the 
lowest unoccupied molecular orbital (LUMO) visible region (600 — 675 nm) and the 


(bottom) of indigo 1. absorption of light results in excitation to a 


higher energy state.!°!! 


The chromophore of indigo 1 lacks the extensive structure that is typical for absorption of 
orange light (maximum absorption wavelength = 610 nm) as seen in the relative size of the 
chromophore of the dye methylene blue (Appendix 3). In accordance with these observations, 
indigo 1 has an excitation energy of approximately 2 eV in polar solvent, unusually low for 


such a compact molecule.” 


Triplet state energy splitting and rate of intersystem crossing values of indigo 1 are like those 
of aromatic hydrocarbons.'? This provides the important information that the lowest excited 


singlet and triplet states of indigo 1 must be of 2, 2* character.'* 


The mechanism by which indigo 1 relaxes from an excited state to ground state has been a 
matter of debate in the past few decades. However recent data has conclusively determined this 
mechanism to be Excited-State Proton Transfer (ESPT) (Appendix 4).!> In its excited state 


indigo 1 changes electronically and sterically (Appendix 5). The site of substitution and not the 


substituent itself was determined to be the main influence on the spectral properties of indigo 


1 and its derivatives. '® 


The first complete description of an indigo dyeing process was reported approximately 2700 
YBP (years before present).”!’ Some of the oldest known textiles dyed with indigo 
(radiocarbon-dated at 6200 YBP) were found at the Andean Preceramic site of Huaca Prieta, a 
large stone and earthen ceremonial mound in northern Peru.* The indigo from Huaca Prieta was 
likely extracted from Indigofera plants native to South America but indigoid dyes have been 
extracted from over 700 Indigofera species as well as from the Strobilanthes, Isatis and 


Polygonum genera.”*!® 


India domesticated ‘true indigo’ Undigofera tinctorial) over 2000 YBP and became the first 
known base of indigo dye cultivation. India supplied indigo to European countries as early as 
the period of classical antiquity (2800 — 1400 YBP). The association of indigo with India is 
reflected in the ancient Greek word indikén which means ‘from India’.!* The Romans latinised 


the word indikon to indicum, which eventually became indigo in English.'*!° 


In the first half of the nineteenth century in India, indigo was known as blue gold. It was a 


18-20 the culmination of 


significant cash crop due to the high demand for blue dye in Europe, 
which led to a bloody revolt in Bengal in 1859. The revolt was clearly illustrated in the report 
written by the newly appointed “Indigo Commission” in 1860 in which it was written that “not 


a chest of indigo reached England without being stained with human blood”.”° 


Indigo plantation slavery also occurred in North America in the eighteenth century, where it 
was a major crop, and similar exploitations of local indigenous populations occurred in 
Jamaica, Haiti, Madagascar and the West Indies, as well as the South American colonies, 
Guatemala and Mexico, from where Spain imported its indigo.'*° By 1806, 2200 tonnes of 
indigo had been imported into Great Britain, primarily from India, worth the equivalent of two 


million pounds. By 1897, India had exported 19,000 tonnes of indigo.'?”! 


In 1897, 7000 square kilometres of land supported the cultivation of indigoferous plants 
worldwide” but by 1913 this area had decreased to 1210 square kilometers!” and in 1914 only 
4% of the world’s indigo production had a vegetal origin.*!? The primary source of indigo had 
transitioned from agriculture to synthetic chemistry and the once rare and coveted indigo 


became commercially available.'*!?? 


Indigo became popular in North America during the vibrant counterculture movement of the 
1960s. The otherwise undesirable property of denim (indigo-dyed cotton), its low abrasion 
strength, was valued by the revolutionaries, who embraced aesthetics rejected by the prim 
mainstream culture. The denim industry, which had previously produced 100 tonnes of denim 
per year, in 1994 produced 14,000 tonnes of denim using industrially manufactured indigo." In 


2015 over 50,000 tonnes of indigo were produced industrially.”* 


The indigo moiety has been the subject of a series of cascade reactions, rapid syntheses which 
demonstrate the ability to yield a broad range of bioactive heterocycles.!?*° The examination 
of the medicinal and photophysical properties of cascade products has revealed potential 
applications for indigo and its derivatives as electroactive semiconducting materials, lead 


compounds in drug discovery and unique candidates for photophysical research.”’ 


Recent cascade reactions with indigo 1 have yielded promising and novel products.'?*° One 
such reaction was between indigo 1 and (S)-epichlorohydrin.' Four spiroacetal products were 
isolated, 7 in 30% yield from indigo 1 as small bright orange crystals in addition to products 8, 


9 and 10 (Scheme 1). All four products were found to fluoresce under UV light.! 
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Scheme |: The cascade reaction between (S)-epichlorohydrin and indigo 1 with major 
spiroacetal product 7 afforded in 30% yield, 8 in 44% yield, 9 in 6% yield and 10 in 21% 
yield. 


Examination of the photophysical properties of cascade product 7 (Scheme 1) in steady state 
experiments yielded major absorbance bands at 295, 350 and 480 nm with extinction 


coefficients of 16000, 9500 and 16000 M™!.cm! respectively.”’ No solvatochromism was 
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observed in the absorption features except for the 350 nm band which changed with solvent 
polarity. The emission spectrum (emission wavelength of 440 nm) showed fluorescence at 520 
nm (this changed slightly with respect to the solvent used). Outstanding values for the 
fluorescence quantum yields of 7 were determined as 76, 71, 97 and 78% in toluene, THF, 
DCM and acetonitrile solutions respectively (Appendix 6).”’ In addition transient absorptions 
were measured and it was determined that only the singlet excited state (and not the triplet 
state) was accessed by photoexcited 7. This observation was consistent with the quantum yields 


measured and it was concluded that for 7 fluorescence was the primary relaxation channel.?’ 


Previously uninvestigated was the concept of introducing different electron donating (EDGs) 
and electron withdrawing groups (EWGs) to the diindolic system to examine how the 
fluorescence of the molecule is affected. The chromophore of 7 was not ascertained and 
therefore electronic modulation might provide the necessary information. Imposing steric and 
electronic factors on the molecule with the addition of aromatic ring substituents to indigo 1 
invariably affects its chemistry and potentially its fluorescence (Fig 5).!° Varying substituents 
affects the diversity of cascade reaction products by altering the reactivity of the molecule’s 
electrophilic and nucleophilic regions and may also affect the relative proportions of each 
product forming.”> Molecule B in figure 5 represents the captodative effect. Put simply when 
the phenyl rings of indigo 1 are substituted asymmetrically with an EWG and an EDG such as 
illustrated in figure 5 (molecule B), a synergistic effect is observed leading to radical 


stabilisation.” 
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Figure 4: Varying dipoles in the 
indigo 1 molecule substituted with 
electron-withdrawing groups 
(EWGs) or electron-donating 
groups (EDGs), whose processes 
are coloured red and blue, 


respectively. 


Given figure 4, the presence of EWGs or EDGs affects 
the photophysics of indigo 1. Therefore, different 
substituents of indigo 1 must affect the photophysical 
properties of its cascade reaction products. It follows that 
it would be of interest to measure the effect on 
photophysics of EWG and EDG substituents on indigo 
cascade products. Therefore the aims of this project were 
to synthesise disubstituted indigo derivatives, in 
particular 5,5'-dibromoindigo, 5,5'-dimethoxyindigo, 
6,6'-dibromoindigo and 6,6’-dimethoxyindigo (Appendix 
7), perform cascade reactions with (S)-epichlorohydrin 
using these substituted indigos, isolate and characterise 
chosen derivatives of the base spirocycle 7 and other 
products if possible from each reaction and have these 
products sent to Germany to undergo photophysical 
testing and calculations by collaborators Prof. Dirk Guldi 


and Prof. Tim Clark at the University of Erlangen. 


Chapter 2 


Results and Discussion 


A solution of 5-methoxynitrobenzaldehyde was reacted with acetone and sodium hydroxide to 
afford 5,5'-dibromoindigo in its crystalline form. Its elemental composition and mass were 
confirmed by electron ionisation mass spectrometry (EI-MS) run at 350 °C. However, it was 
difficult to confirm the structure of 5,5’-dibromoindigo using 'H NMR, owing to the low 
solubility of the dibrominated indigo derivatives in most organic solvents, possibly due to the 
stabilising noncovalent interactions which conceivably occur between each bromine atom of 
the 5,5’-dibromoindigo molecule and surrounding hydrogen atoms, parts of other molecular 
systems such as solvents. Therefore small quantities of both 5,5’-dibromoindigo and 6,6'- 
dibromoindigo were reacted with DMAP (5-dimethylaminopyridine) and Di-tert-butyl 
dicarbonate (Boc anhydride) and the crude reaction mixtures subjected to 'H NMR 


spectroscopy in order that their structures could be identified (Figure 5). 


The same analyses was performed for crystals of the precursor indigo derivatives themselves: 
5,5'-dimethoxyindigo, 6,6’-dibromoindigo and 6,6'-dimethoxyindigo. 
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Figure 5: 'H NMR spectrum of 5,5'-dibromoindigo. 


When the solution of 5,5'-dibromoindigo and DMF (dimethylformamide) in the presence of 
heat (87-90 °C) and base (cesium carbonate) was stirred in an inert atmosphere (N2), the colour 
changed from dark purple to greenish brown. This colour change indicated the formation of 
5,5'-dibromoindigo anions. Once the N2 (g) flow was cut and the electrophile (S)- 


epichlorohydrin injected, an immediate colour change was observed from greenish brown to 


bright orange. The crude reaction mixture underwent workup, and the resulting solution was 
added placed into a separatory funnel containing a bilayer of brine and EtOAc. The products 
were sequestered into the aqueous layer (brine), indicating persisting base-mediated ionisation 
into anions. A small portion of concentrated HCl was added and the mixture shaken, resulting 
in a colour change from bright orange to bright yellow and the localisation of the neutralised 
products into the nonpolar layer (DCM) (Appendix 8). A small amount of silica gel was added 
to bind and remove the unreacted indigo. TLC analysis revealed the presence of four distinct 


compounds, three with bright green fluorescence and one with blue fluorescence (Figure 6). 


Figure 6: Photographs of the TLC analyses (under 254 nm UV light (left) and 364 nm UV light 


(right) and the fractions from the spirocyclisation reaction of 5,5'-dibromoindigo (bottom 


The resulting extract was purified in two consecutive silica gel columns, followed by HPLC 
(high performance liquid chromatography) (figure 7) to furnish the spirocycle (7S,9aR)-2,11- 
Dibromo-7,8-dihydro-6H-7,9a-epoxy[1,5]oxazocino[5,4-a:3,2-b']diindol-15(14H)-one 7 as 
bright orange rod-shaped crystals which fluoresced green in DCM under 254 nm UV light 
(figures 7 and 8). 


Figure 7: 7 in solution with DCM under 254 nm UV light. 


Ovp_200525_41.1.1.16 
1-015 cascade product 1 oliver vp keller 
PROTONRO CDCI3 {C:\Avance\keller} oliver_v 41 


r - + ~ T ~ + + 1 - + ~ + - + 
3.0 25 2.0 1.5 1.0 os 0.0 -0.5 


Figure 8: 'H NMR spectrum of 7. 


ESI-MS (electron-spray ionisation mass spectroscopy) examination of 7 indicated a signal at 
m/z 474.9293 (Ci9H13N203”’Br*; M*) in the ESI-MS spectrum. Analysis of the 'H NMR 


spectrum (Figure 8) of 7 revealed the following set of peaks measured in ppm: 


6 7.90 (d, J = 2.0 Hz, 1H, H1), 7.58 (d, J = 2.0 Hz, 1H, H10), 7.56 (dd, J = 8.7, 2.0 Hz, 1H, 
H3), 7.46 (dd, J = 8.4, 2.0 Hz, 1H, H12), 6.97 (d, J = 8.7 Hz, 1H, H4), 6.83 (d, J = 8.4 Hz, 1H, 
H13), 5.17 — 5.09 (m, 1H, H7), 4.37 (t, J = 7.3 Hz, 1H, H8b), 4.23 (dd, J = 7.3, 2.9 Hz, 1H, 
H8a), 4.15 (dd, J = 13.8, 3.5 Hz, 1H, H6a), 3.74 (dd, J = 13.8, 1.6 Hz, 1H, H6b). 


IR (infrared) spectroscopy analysis of 7 demonstrated discrete characteristics of the molecular 


structure (table 1). 


3313 Broad, weak NH stretch 

1716 Sharp, strong Carbony] stretch 

1464 Sharp CH bend 

1439 Sharp CH bend 

1000 Medium CN stretch 

805 Sharp Ortho aromatic substitution stretch 
a2 Sharp Ortho aromatic substitution stretch 


Table 1: IR spectroscopy analysis of spiroacetal cascade product 7. 


2D NMR spectroscopic analyses were also performed for 7, particularly COSY, HMBC and 
HSQC (appendix 9) and correlations made confirm the true structure of 7 as seen in the 


experimental section. 


The same analyses was performed for the base spirocycle cascade products of each reaction 


with 5,5'-dimethoxyindigo, 6,6’-dibromoindigo and 6,6’-dimethoxyindigo. 


In order to optimise the cascade reaction between derivatives of indigo and (S)-epichlorohydrin 
the reaction conditions such as molar equivalents of electrophile and base used, temperature 
and reaction time must be fiddled with. The proposed mechanisms of formation for the products 


of this reaction starting from unsubstituted indigo can be found in appendix 10. 


MS analysis of 7 as well as 'H NMR and !3C NMR revealed that the molar mass of indigo with 


the addition of one spirocycle moiety is explained by the mechanisms of formation following 


10 


the addition of one (S)-epichlorohydrin unit to the deprotonated and nucleophilic indigo 


molecule (appendix 10). 


11 


Chapter 3 


Conclusions 


Indigo has a rich historical background as a dye and a pigment of ancient cultures.24!0!7-19 


Indigo held great value as an agricultural crop until synthetic chemistry inherited the industry 
in the early twentieth century. In modern organic chemistry indigo 1 represents a cheap organic 
scaffold with discrete nucleophilic and electrophilic regions labile in many different 


reactions.!7+°, 


Indigo 1 and its derivatives are structurally unique dye molecules in that they absorb at long 
wavelengths for such compact molecules.** The indigo 1 molecule is symmetrical and belongs 
to the Con point group.» Indigo 1 and its derivatives are low HOMO-LUMO gap donor- 
acceptor derivatives.’ The transition from HOMO to LUMO is associated with excitation from 
ground state and the formation of a charge-transfer diradical state (Appendix 1 and 2).? 
Furthermore triplet state energy splitting and rate of intersystem crossing values of indigo 1 are 
like those of aromatic hydrocarbons.'? This provides the important information that the lowest 
excited singlet and triplet states (Appendix 2) of indigo 1 must be of , 2* character.'* The 
mechanism by which indigo 1 relaxes from an excited state to ground state has been a matter 
of debate in the past few decades. However recent data has conclusively determined this 
mechanism to be ESPT (Appendix 4).!° In its excited state indigo 1 changes electronically and 
sterically (Appendix 5). The site of substitution and not the substituent itself was determined 


to be the main influence on the spectral properties of indigo 1 and its derivatives.'° 


In recent times there has been a resurrection of indigo based chemistry, leading to the 
development of cascade reactions and cascade products with unique photophysical and 


medicinal properties,**7° 


providing a rich source of inspiration for new families of z- 
conjugated molecular systems.”® Some cascade products revealed outstanding quantum yields 
and others significant affinities for in vivo disease targets.2**° The 2,2'-biindoline core 
represents an attractive lead compound in drug discovery. There is enormous potential for 
indigo and its derivatives as semiconductors, candidates in medicinal chemistry and in 
fluorescence-based applications such as in microscopy or diagnostic medicine!™** and this 


may lead to practical industrial and commercial outcomes. Therefore it is imperative to further 


develop cascade reactions and to test the products for medicinal and photophysical properties. 
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Chapter 4 


Experimental 


5,5'-Dibromoindigo 


A flask containing a solution of 5-bromonitrobenzaldehyde 
(2.0 g, 8.8 mmol) in acetone (20 mL) was sonicated for 


10 min at rt and stirred in an ice bath. NaOH (1.0 M, 10 mL) 


was added dropwise to the mixture and an immediate colour change from pale yellow to 
sanguine red was observed. The ice bath was removed, and the septum-sealed mixture left to 
stir for 48 hr at rt. The reaction mixture was washed with water (5 x 50 mL) until the filtrate 
turned clear and EtOAc (5 x 50 mL) until the filtrate turned clear once more and evaporated in 
vacuo to afford the title product as clumpy navy blue crystals (1.3 g, 35%). mp > 250 °C (dec.). 
Ry (100% DMF) = 0.65. IR (neat) 3273 (br, w), 1624 (s), 1603 (s), 1440 (s), 1385 (s), 1301 (s), 
1254 (s), 1178 (s), 1136 (s), 1113 (s), 1078 (s), 1040 (s), 884 (s), 819 (s), 780 (s), 713 (s), 609 
(s), 540 (s), 420 (s). HRESI-MS calculated for Ci6H9N202Br2* 418.9030, found 418.9031. 


N,N'-Di-Boc-5,5'-dibromoindigo 


A flask containing a solution of 6,6'-dibromoindigo (15 mg, 
6 mmol) in DCM (5 mL) was sonicated for 10 min at rt. Di- 
tert-butyl dicarbonate (Boc anhydride) (15 mg) and and 4- 
dimethylaminopyridine (DMAP) (0.2 mg) were added 


dropwise to the mixture and a colour change from bright 


» purple to bright pink was observed. The septum-sealed 
mixture left to stir for 12 hr at rt and NMR analysis was performed on the crude product. The 
title product precipitated as lustrous pink-purple crystals (1.8 g, 29%). mp > 250 °C (dec.). 'H 
NMR (500 MHz, CDCls) 6 8.15 (d, J = 6.5 Hz 2H, H4, H4'), 7.84 (d, J = 8.8 Hz, 2H, H6, H6'), 
7.79 (dd, J = 2.2 Hz, 2H, H7, H7'), 2.92 (s, 6H, t-butyl moiety). 
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5,5'-Dimethoxyindigo 


A flask containing a_ solution of  5- 
methoxynitrobenzaldehyde (2.2 ¢, 12mmol) in 


acetone (20 mL) was sonicated for 10 min at rt and 


stirred in an ice bath. NaOH (1.0 M, 10 mL) was added dropwise to the mixture and an 
immediate colour change from pale yellow to sanguine red was observed. The ice bath was 
removed, and the septum-sealed mixture left to stir for 48 hr at rt. The reaction mixture was 
washed with water (5 x 50 mL) until the filtrate turned clear and EtOAc (5 x 50 mL) until the 
filtrate turned clear once more and evaporated in vacuo to afford the title product as clumpy 
dark purple crystals (2.3 g, 58%). mp > 250 °C (dec.). Rp (50% EtOAc in DCM) = 0.80. 'H 
NMR (500 MHz, CDCls) 6 7.53 (d, J = 8.5 Hz 2H, H5, HS’), 6.88 (d, J = 2.3 Hz, 2H, H6, H6’), 
6.53 (dd, J = 8.5, 2.3 Hz, 2H, H7, H7'), 3.87 (s, 6H, methoxy moiety). IR (neat) 3388 (br, w), 
1618 (s), 1592 (s), 1487 (s), 1452 (s), 1430 (s), 1335 (s), 1283 (s), 1230 (s), 1200 (s), 1157 (s), 
1127 (s), 1100 (s), 1070 (s), 1028 (s), 836 (s), 812 (s), 772 (s), 679 (s), 570 (s), 467 (s), 423 (s). 
HRESI-MS calculated for CigHi4N2O4* 323.1037, found 323.1032. 


6,6'-Dibromoindigo; Tyrian purple (TP) 


A flask containing a solution of 4-bromonitrobenzaldehyde 
(4.2 g, 18 mmol) in acetone (20 mL) was sonicated for 10 min 


at rt and stirred in an ice bath. NaOH (1.0 M, 10 mL) was 


added dropwise to the mixture and an immediate colour change from pale yellow to sanguine 
red was observed. The ice bath was removed, and the septum-sealed mixture left to stir for 
48 hr at rt. The reaction mixture was washed with water (5 x 50 mL) until the filtrate turned 
clear and EtOAc (5 x 50 mL) until the filtrate turned clear once more and evaporated in vacuo 
to afford the title product as fluffy pink-purple crystals (1.8 g, 29%). mp > 250 °C (dec.). Ry 
(100% DMEF) = 0.55. IR (neat) 3386 (br, w), 3077 (br, w), 1632 (s), 1613 (s), 1443 (s), 1312 
(s), 1245 (s), 1156 (s), 1105 (s), 1046 (s), 897 (s), 850 (s), 813 (s), 765 (Ss), 726 (s), 693 (s), 593 
(s), 525 (s), 466 (s), 421 (s). HRESI-MS calculated for Cij6HoN202Br’’2* 418.9030, found 
418.9031. 


14 


N,N'-Di-Boc-6,6'-dibromoindigo 


A flask containing a solution of 6,6'-dibromoindigo (15 mg, 
6 mmol) in DCM (5 mL) was sonicated for 10 min at rt. Di- 
tert-butyl dicarbonate (Boc anhydride) (15 mg) and 4- 
dimethylaminopyridine (DMAP) (0.2 mg) were added 


dropwise to the mixture and a colour change from bright 

>» purple to bright pink was observed. The septum-sealed 
mixture left to stir for 12 hr at rt and NMR analysis was performed on the crude product. The 
title product precipitated as fluffy light pink crystals (1.8 g, 29%). mp > 250 °C (dec.). 'H NMR 
(500 MHz, CDCls3) 6 8.26 (s, 2H, H7, H7’), 7.62 (d, J = 8.1 Hz, 2H, H4, H4'), 7.37 (dd, J = 8.1, 
2.2 Hz, 2H, H5, H5'), 1.61 (s, 6H, t-butyl moiety). 


6,6'-Dimethoxyindigo 


OMe A flask containing a _ solution of 4- 


methoxynitrobenzaldehyde (1.5g, 8.3 mmol) in 


acetone (20 mL) was sonicated for 10 min at rt and 
stirred in an ice bath. NaOH (1.0 M, 10 mL) was added dropwise to the mixture and an 
immediate colour change from pale yellow to sanguine red was observed. The ice bath was 
removed, and the septum-sealed mixture left to stir for 48 hr at rt. The reaction mixture was 
washed with water (5 x 50 mL) until the filtrate turned clear and EtOAc (5 x 50 mL) until the 
filtrate turned clear once more and evaporated in vacuo to afford the title product as fluffy 
bright purple crystals (1.2 g, 45%). mp > 250 °C (dec.). Ry (50% EtOAc in DCM) = 0.70. 'H 
NMR (500 MHz, CDCls) 6 7.53 (d, J = 8.5 Hz 2H, H5, HS’), 6.88 (d, J = 2.3 Hz, 2H, H6, H6’), 
6.53 (dd, J = 8.5, 2.3 Hz, 2H, H7, H7'), 3.87 (s, 6H, methoxy moiety). IR (neat) 3273 (br, w), 
1624 (s), 1603 (s), 1440 (s), 1384 (s), 1254 (s), 1178 (s), 1136 (s), 1113 (s), 1078 (s), 1040 (s), 
884 (s), 819 (s), 780 (s), 713 (s), 609 (s), 540 (s), 420 (s). HRESI-MS calculated for 
CisHi4N204* 323.1044, found 323.1045. 
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(7S,9aR)-2,11-Dibromo-7,8-dihydro-6H-7,9a-epoxy[1,5]oxazocino[5,4-a:3,2-b'|diindol- 
15(14H)-one 
Br 1 O ul . ; A solution of 5,5'-dibromoindigo (0.42 g, 1.0 mmol) in 
anhydrous DMF (40 mL) was sonicated for 60 min at rt. 
; sl O re , Br The mixture was transferred by cannula under positive 
a, pressure of N2(g) into a septum-sealed flask containing 
pre-dried Cs2CO3 (1.6 g, 5.0 mmol) and was stirred for 90 min at 87-90 °C. The N2(g) flow 
was cut and (S$)-epichlorohydrin (0.46 g, 0.39 mL, 5.0 mmol) was injected and the reaction 
stirred for 30 min at 87-90 °C, with TLC analysis performed every 5 minutes to track progress. 
The reaction was quenched with ice (100 mL) and EtOAc (50 mL) and brine (100 mL) were 
added to this dark green emulsion. This mixture was extracted with EtOAc (5 x 50 mL) until 
the aqueous phase turned translucent green. The combined organic phases were washed with 
brine (5 x 50 mL) and dried (MgSOz4 (10 g)). To the organic extract was added silica gel (5 g) 
and the mixture dried in vacuo to yield a bright orange dust, which was washed with EtOAc 
(25 mL) — unreacted indigo was removed as it bound to the silica. TLC analysis of the EtOAc 
extract revealed among other products a bright orange compound with green fluorescence and 
a blue-purple compound with blue fluorescence. The EtOAc extract was dried in vacuo and the 
resulting residue subjected to silica gel column chromatography (50 g silica, 5 g dry load of 
crude product) and gradient elution using 30 — 70% EtOAc in hexanes afforded 5 major 
fractions. The title product was isolated as bright orange rod-like crystals, which appeared 
brown-black when concentrated (44.6 mg, 9.4%). mp > 250 °C (dec.). Ry (50% EtOAc in 
hexanes) = 0.40. UV-Vis (CH3Cl1) Amax/nm (¢, M*!'cm!) 282 (23138), 358 (12719), 478 (16451). 
'H NMR (500 MHz, CDCls) 6 7.90 (d, J = 2.0 Hz, 1H, H1), 7.58 (d, J = 2.0 Hz, 1H, H10), 
7.56 (dd, J = 8.7, 2.0 Hz, 1H, H3), 7.46 (dd, J = 8.4, 2.0 Hz, 1H, H12), 6.97 (d, J = 8.7 Hz, 1H, 
H4), 6.83 (d, J = 8.4 Hz, 1H, H13), 5.17 — 5.09 (m, 1H, H7), 4.37 (t, J= 7.3 Hz, 1H, H8b), 4.23 
(dd, J = 7.3, 2.9 Hz, 1H, H8a), 4.15 (dd, J = 13.8, 3.5 Hz, 1H, H6a), 3.74 (dd, J = 13.8, 1.6 Hz, 
1H, H6b). °C NMR (126 MHz, CDCls) & 182.6 (C15), 151.0 (C4a), 144.9 (C13a), 144.3 
(C14a), 136.6 (C3), 135.3 (C12), 128.8 (C10), 126.7 (C9b), 125.9 (C1), 125.1 (C15a), 122.5 
(C2), 119.5 (C11), 118.5 (14b), 114.6 (C9a), 112.6 (C13), 111.0 (C4), 74.1 (C7), 65.7 (C8), 
51.9 (C6). IR (neat) 3313 (br, w), 2954 (w), 2920 (w), 2851 (w), 1716 (s), 1608 (s), 1464 (s), 
1439 (s), 1000 (m), 805 (s), 752 (s). HRESI-MS calculated for Ci9Hi3N203”’Br2* 474.9274, 
found 474.9293. [a]p” = -44.86 ° (c 0.00096, CHCl). 
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(7S,9aR)-2,11-Dimethoxy-7,8-dihydro-6H-7,9a-epoxy[1,5]oxazocino[5,4-a:3,2-b' |diindol- 
15(14H)-one 


McO A solution of  5,5'-dimethoxyindigo (0.32 g, 
1.0 mmol) in anhydrous DMF (40 mL) was sonicated 


for 60 min at rt. The mixture was transferred by 


cannula under positive pressure of N2(g) into a 
septum-sealed flask containing pre-dried Cs2CO3 (1.6 g, 5.0 mmol) and was stirred for 90 min 
at 87-90 °C. The N2 (g) flow was cut and ($)-epichlorohydrin (0.46 g, 0.39 mL, 5.0 mmol) was 
injected and the reaction stirred for 30 min at 87-90 °C, with TLC analysis performed every 5 
minutes to track progress. The reaction was quenched with ice (100 mL) and EtOAc (50 mL) 
and brine (100 mL) were added to this dark green emulsion. This mixture was extracted with 
EtOAc (5 x 50 mL) until the aqueous phase turned translucent green. The combined organic 
phases were washed with brine (5 x 50 mL) and dried (MgSOx (10 g)). TLC analysis of the 
EtOAc extract revealed a tan-orange compound with green fluorescence and a brown-purple 
compound with blue fluorescence. The EtOAc extract was dried in vacuo and the resulting 
residue subjected to silica gel column chromatography (50 g silica, 5 g dry load of crude 
product) and gradient elution using 10 — 50% EtOAc in hexanes afforded 5 major fractions. 
The title product was isolated as light tan/orange rod-like crystals, which appeared dark brown 
when concentrated (23.0 mg, 6.1%). mp > 250 °C (dec.). Ry (50% EtOAc in hexanes) = 0.70. 
UV-Vis (CH3Cl) Amax/nm (e, M‘'cm'!) 302 (16146), 322 (13633), 462 (17425). 'H NMR 
(500 MHz, CDCl3) 6 7.25 (d, J = 2.8 Hz, 1H, H1), 7.13 (dd, J = 8.9, 2.8 Hz, 1H, H10), 7.07 
(d, J = 8.9, 2.6 Hz, 1H, H3), 7.01 (d, J = 8.9 Hz, 1H, H12), 6.98 (s, 1H, H14), 6.91 (dd, J = 8.5, 
2.6 Hz, 1H, H4), 6.85 (d, J = 8.5 Hz, 1H, H13), 5.14 — 5.07 (m, 1H, H7), 4.37 (t, J = 7.1 Hz, 
1H, H8b), 4.31 (dd, J = 7.1, 2.8 Hz, 1H, H8a), 4.12 (dd, J = 13.7, 3.6 Hz, 1H, H6a), 3.84 (s, 
3H, H2a), 3.81 (s, 3H, H11a), 3.66 (dd, J = 13.5, 1.4 Hz, 1H, H6b). SC NMR (126 MHz, 
CDCl3) 6 182.8 (C15), 154.1 (C4a), 147.5 (C13a), 146.4 (C14a), 138.8 (C3), 135.7 (C12), 
128.2 (C10), 125.5 (C9b), 124.8 (C1), 124.0 (C15a), 123.5 (C2), 119.0 (C11), 118.1 (14b), 
111.6 (C9a), 110.8 (C13), 104.2 (C4), 74.2 (C7), 65.6 (C8), 55.9 (C6). IR (neat) 3340 (br, w), 
2920 (w), 2887 (w), 1685 (s), 1575 (s), 1464 (s), 1437 (s), 1283 (s), 1175 (s), 1025 (m), 809 
(s), 754 (s), 576 (s). HRESI-MS calculated for C21Hi9N2Os* 380.1287, found 380.1287. [a]p” 
= 120.6 ° (c 0.0011, CHCls). 
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(7S,9aR)-3,12-Dibromo-7,8-dihydro-6H-7,9a-epoxy[1,5]oxazocino[5,4-a:3,2-b'|diindol- 
15(14H)-one 


? Ne Br A solution of 6,6'-dibromoindigo (0.42 g, 1.0 mmol) in 
Boece anhydrous DMF (40 mL) was sonicated for 60 min at rt. The 
LP : mixture was transferred by cannula under positive pressure of 
N2 (g) into a septum-sealed flask containing pre-dried Cs2CO3 (1.6 g, 5.0 mmol) and was stirred 
for 90 min at 87-90 °C. The N2(g) flow was cut and (S)-epichlorohydrin (0.46 g, 0.39 mL, 
5.0 mmol) was injected and the reaction stirred for 30 min at 87-90 °C, with TLC analysis 
performed every 5 minutes to track progress. The reaction was quenched with ice (100 mL) 
and EtOAc (50 mL) and brine (100 mL) were added to this dark green emulsion. This mixture 
was extracted with EtOAc (5 x 50 mL) until the aqueous phase turned translucent green. The 
combined organic phases were washed with brine (5 x 50 mL) and dried (MgSOg (10 g)). To 
the organic extract was added silica gel (5 g) and the mixture dried in vacuo to yield a bright 
orange dust, which was washed with EtOAc (25 mL) — unreacted indigo was removed as it 
bound to the silica. TLC analysis of the EtOAc extract revealed among other products a bright 
orange compound with green fluorescence and a blue-purple compound with blue fluorescence. 
The EtOAc extract was dried in vacuo and the resulting residue subjected to silica gel column 
chromatography (50g silica, 5g dry load of crude product) and gradient elution using 
30 — 70% EtOAc in hexanes afforded 5 major fractions. The title product was isolated as 
bright orange rod-like crystals, which appeared brown-black when concentrated (51.8 mg, 
10.9%). mp > 250 °C (dec.). Re (50% EtOAc in hexanes) = 0.40. UV-Vis (CH3Cl]) Amax/nm (é, 
M'!cm!) 282 (22054), 358 (12762), 478 (16864). 'H NMR (500 MHz, CDCls) 5 7.65 (d, J = 
8.0 Hz, 1H, H1), 7.32 (d, J = 8.0 Hz, 1H, H10), 7.15 (d, J = 1.5 Hz, 1H, H4), 7.12 (d, J = 1.5 
Hz, 1H, H2), 7.08 (d, J = 1.5 Hz, 1H, H13), 5.16-5.08 (m, 1H, H7), 4.36 (t, J = 7.3 Hz, 1H, 
H8b), 4.20 (dd, J = 7.3, 2.9 Hz, 1H, H8a), 4.13 (dd, J = 13.8, 3.5 Hz, 1H, H6a), 3.76 (dd, J = 
13.7, 1.6 Hz, 1H, H6b). °C NMR (126 MHz, CDCls) 6 183.1 (C15), 152.8 (C4a), 146.4 
(C13a), 144.4 (C14a), 129.0 (C3), 126.4 (C12), 126.3 (C10), 125.1 (C9b), 125.0 (C1), 123.5 
(C15a), 122.9 (C2), 121.8 (C11), 118.5 (14b), 114.4 (C9a), 114.0 (C13), 110.9 (C4), 73.8 (C7), 
65.4 (C8), 51.6 (C6). IR (neat) 3315 (br, w), 2921 (w), 2889 (w), 2853 (w), 1678 (s), 1603 (s), 
1583 (s), 1049 (m), 993 (s), 794 (s). HRESI-MS calculated for the molecular ion C19Hj3- 
N203’’Bro* 474.9274, found 474.9293. [a]p> = 46.48 ° (c 0.00065, CHCl). 
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Appendix 


Appendix 1: Ground and first excited electronic states of indigo 1 illustrating the 


+ 4 
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Singlet Singlet Triplet 
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captodaptive effect.!! 


Appendix 2: Possible spin states for ground and excited state molecular systems. 
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Appendix 3: The structure of methylene blue. Atoms in blue constitute the chromophore. 
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Appendix 4: Protonation of one of two identical carbonyl oxygen atoms in indigo 1 allowing for a 
single hydrogen bond to connect the two subunits. Trans to cis isomerisation of protonated indigo 
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PhMe THF DCM AcN 
Pr 76% 71% 97% 78% 


Appendix 6: Steady state absorption and emission spectra for 7 dissolved in solvents of 
varying polarity (toluene (PhMe), tetrahydrofuran (THF), dichloromethane (DCM) and 

acetonitrile (AcN). Excitation at 440 nm for emission spectra and fluorescence quantum 
yield, which are given as percentage averages from a total of four independent 


measurements. Tested against 7 in ethanol as the reference.”° 
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Appendix 7: Solutions of disubstituted indigo derivatives (1 mmol) in dichloromethane (DCM) 
(2 mL). From left to right: 5,5'-dibromoindigo, 5,5'-dimethoxyindigo, 6,6'-dibromoindigo and 
6,6'-dimethoxyindigo. 


P 


d(S)- 


epichlorohydrin. A small portion of concentrated HCl was added and the mixture shaken, resulting 


Appendix 8: The workup of the cascade reaction between 5,5’-dibromoindigo an 


in a colour change from bright orange to bright yellow and the localisation of the neutralised 


products from the aqueous layer into the nonpolar layer (DCM). 
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Appendix 10: Proposed mechanisms of formation for the spiroacetal cascade products from 


unsubstituted indigo 1.' B = base (cesium carbonate). 
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